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An investigation was conducted t o  determine if the engine perfom- 

7 
? j *  

asce of turbine blade6 of the alloys  Refractaloy 26 , "252, and Waspaloy 
is lmproved.by removal  of the surfaces by electmpolishing and to can- 
pare the engine performance of blades of these alloys xLth that of S-816 
blades. " Electropolished and nonelectrqpolished blades w e r e   r u n  in a 

utes at idle speed. The results obtabed Fndicated that blade perform- 
ance was not improved by removing the slight surface  defects of the 
blades used in this investigation. The mean l i f e  of Waspaloy blades was 
about equal t o  S-816 blades, while "252 and Refractaloy 26 blades had 
shorter mean l ives .  

w J33-9 turbojet  engine for  cycles of 15 minutes at  rated speed  and 5 min- 

c 

The high s t ra tegic   a l loy content of high-temgerature alloys now in  
widespread use has lead t o  the development of alternate alloys with 
greatly reduced s t ra tegic  alloy content. The al loys used in this  inves- 
t igation , Refractaloy 26, "252, and  Waspaloy, ~ J X  three of these alloys. 
Typical of many of the low st rategic  content  alloys,  they have a nickel 
base and, as such, w e  thought to be particula;rly  susceptible t o  oxide 
penetrations,  surface  defects , recrystallization, and graFn growth at 
the  surface  layers due t o  cold work {refs. 1 and 2) . The rermval of 
these  surface  conditions by g h d i n g  or  electropolishhg the blades has 
been recamended for  improved performance. The purpose of this investi- 
gation is t o  determFne if the engine performance of turbine blades of 
the alloys  Refractaloy 26, "252, and Waspaloy is improved by removal of 
the surface by electropolishhg, and, in addition, to   capare  the  per-  
formance of blade6 of these low strategic-element-content alloys with 
that of blades of S-816, a widely used a Y o y  of high st rategic  element 
content. 
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The alloys were evaluated i n  a full-scale 533-9 engine t e s t .  The 
engFne was operated in 20 minute cycles of 15 minutes at rated speed and 3 

5 minutes a t   i d l e  speed until a l l  original blades failed.  Stress-rupture 
results were obtained fram specimens cut from blade a i r fo i l s  and from bar " 

hardness were made in an attempt t o  correlate each with blade performance. 
stock.  Metallurgical studies of the  microstructure, grain size, and " - 

Turbine Blades 

The al loys were received from commercial vendors in the form of 
1--inch round bar  stock of the follo" n o m u  composition: 5 

16 

\E lemen t  I Percent by weight in 
Refractaloy 26 
(AM 5760) 

c 

A l  
2.8 Ti 
3 .o Mo 
18.3 C r  
20.4 co 
0.038 

Balance (37 ) N i  
S 
cu 

.99 si 

.84 Mn 
15.9 Fe 
.u 

0.17 
10.5 
18.5 
10 .o 
3 .O 
1.0 

.7 .40 

.55 

Balance (55) 

0.05 
13.8 
19.5 
3 .O 
2.5 
1.25 
1 .o 
1 .o 

.6 

.1 

.015 
Balance (57) 

(D 

Lo 
M 

The bar stock was forged into $33-9 blades and given the reconmended 
heat treatment by commercial forge shops. The  Waspaloy blades were 
forged by one concern and the "252 and Refractaloy 26 by another. The 
forging  temperatures,  heat  treatment, and f i n b h i n g  operations used fo r  
each alloy are given in table S .  All the "252 blades were lightly 
electropolished at the  forge shop. The light electropolieh removed very 
little material, and the 86-received  surfaces of these blades were aim- 
ilar t o  bladeg without a light electropoliah. A l l  blades were received 
in the aa-trimmed condition, and the rough surfaces at the leadfng and 
trailing edges were ground t o  smooth contours at the XACA Lewis labor- 
atory. Fourteen blades of each a l l oy  were Pun i n  the engine; half of v 
the  blades of each a l l oy  were electropolished a t  the Lewis laboratory. 
The surface was removed to a depth of from 0.001to 0.002 inch by pass- 
ing current through an electrolytic ce31 with the blades  as  the anode. 
Details are as follows: 

-4 =. 
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w 
CJl 
Q, 
0 

Electrolyte 

70 percent 
concentrated 
E3pO4, 

F 4 ,  and 

Hzo 

6.5 percent 
concentrated 

23.5 perc&t 

Alloy Cleansing T h e ,  Current, 
min we 

Refractaloy 26 Water 5 50 t o  70 

"252 

A l l  blades  passed  inspection f o r  surface and internal  defects us- 
post emulsion zyglo and X- ray  radiography before engine operation. 

Stress and Temgerature Distribution in Turbine 

7 -  
3 

Blades Dura Engine OperatLan 

The distribution of centrifugal  stresses in the  blade  airfoils was - calculated from density and area msurements by the m e t h o d  described in 
reference 3. Stress  distributions  for the different  alloys  are shown in 
figure 1. The stress distrfiution  for WaspaJoy blades is considerably 
b e l o w  that for Refractdoy 26 and "252 blades. The stress wa8 lower in 
the Waspdoy blades because the a i r fo i l s  were on the thFn side of speci- 
fications in the upper portion of the blade and on the thick  side of 
specifications near the base. The temperature distribution i n  blade air- 
f o i l s  a lso  shown in figure 1 wa8 determined by thermocouples, using the 
method described In reference 4. 

The stress-rupture l i f e  of the a l l o y s  correspond3ng t o   t h e  conditions 
of centr3fugal  stress and teaperatwe a t  different sections of the air- 
f o i l  is shown in figure 2. The curves were constructed by extrapolation 
of the stress-rupture data from specimens cut frm blade a i r f o i l s  and 
from the distributions of centrifugal stress and temperature of figure 1. 
The curves are  typical of several  constructed using mathematical and 
graphical  extrapolation methods. The results obtained using the differ- 
ent methods were very 8jm.iI-m because the extrapolation was l w t e d  t o  
small differences of stress and temperature in the blade  a i r foi l .  The 
minimum is the most important section in each  curve, and this area is 
obtained from data and. is not extrapolated. The rest of the curve should. 
be considered  qualitative. The minimum in e4ch curye represents the 
blade section that is eqosed t o  the mst severe  canibinatbn of centri- 
fugal s t ress  and temperature. If the failures result  solely from the 
centrifugal stress aad the  tenperature,  the  blades  should f a i l  at th i s  
distance above the base and should have operating l ive$  equal  to the 
mFnimum values given ii? the figure. 
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EngFne Operat ion 
* 

Six groups of seven bhdes of the-alloys under study were installed 
Fn a J33-9 turbojet engine. One group of blades of each of the three 
alloys w a s  i n  the as-received or nonelectropolished  condition (the 
lightly  electropolished "252 blades- "e -included in this group) and one 
group of each  alloy was in the electmpolished  condition. Ten U. S. 
A i r  Force  stock blades of standard S-B16 were included fo r  comparison. 
The blades were tested f o r  repeated  cycles of 15 minutes a t  the rated 
speed of the engine (ll, 750 rp) and 5 minutes at idle speed until all 
original blades failed.  In the  discussione of blade l i f e  herein, only R 
the time at  rated speed is considered. Blade st ress  and temperature were 
controlled by engine speed and exhaust-nozzle opening, respectively. 
B l a d e  temperatures were measured  by thermocouples installed Fn two blades 
and connected t o  a recording  device through a slip-ring system (refs. 4 
and 5) .  

Blade Elongat ion Measurement 

From one to   th ree  blades of each group w e r e  scribed  near the trail- 
ing edge at  1/2-inch btervals as shown in figure 3 and described in 
reference 5. B l a d e  elongation measurements were made at frequent  inter- 
vsls (after blade -failures or necessary shutdowns) using aa optical. ex- * 
tensometer. Elongation data were influenced by the warpage  and distor- 
t i on  of the blades. The chronological  fncrease of elongation  for each 
gage section was not  obtained for alloys Refract-gLoy 26_+1d Waspaloy 
because the variatims caused by the warpage and distortion were large 
enough to obscure the smaJl elongations  obtained for  theee  alloys. The 
maximum elongation  obtained for any section was plotted. The elongation 
of individual gage sections m s  obtained and plotted  agalnst  the  tine of 
operation for al loys "252 and S-816. 

. 

. . . . . - 

Macroexamhation of Failed B l a d e s  

A blade was said t o  have fa i led  and was removed from the engine . 

when actual fai lure  occurred or when cracks or severe  necking made it 
apparent that failure was imminent. The fai led blades were examined a t  
low magnifications t o  determine, as nearly as possible the manner in 
which fai lure  occurred. The failures were classified (as i n  ref. 6 )  
into the following categories: 

(1) Stress  rupture: Blade fai lures  occurred by cracking  within 
the a i r f o i l  or by fracturing in an irregular, jagged, intercrystalline -+ 
path. In addition t o  the main fracture,  other s i m r l y  formed crack6 
sametimes occurred near the origin of the main fracture. 0 
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(2) Fatigue: Cracks progressed from nucleation  points, usually at  
I or near the  leading or trailing edges, in straight paths which frequently 

were smooth, often showed progression lines or concentric rings, and ap- 
peared t o  be transcrystalline. 

(3) Stress  rupture  plus  fatigue: Blade failures appeared t o  be 
caused by a ccnibinatfm of the t w o  preceding mechanisms. The fractured 
surfaces of blades in th i s  group consisted of a small area wbich had the 
characteristics  described  for the stress-rupture  category and a larger 
area with the fatigue  charac$eristics  described. A further cr i ter ion w a s  
that other  cracks, which appeared t o  be s t ress-nqture  cracks, were vis-  
ible in the area  adjacent t o  the main crack or fracture edge. 

In aJJ- cases, the blades f FnaUy fa i led in  tension because of the . 
progressive  reduction in the load-carrying area, so that a l l  blade fail- 
ures showed a large area of rough fracture  surface. Some blade fai lures  
are  equally  representative of two of the preceding  categories, and class- 
i f icat ion is a matter of judgment. The classifications are subject t o  
error even when the appearance of the failure is quite  definitely one  of 
these  described above. It is shown in reference 7 that stress-rupture 
specimens can be subjected to large superjqposed vibratory loads without 
showing any evidence of fatigue  failure on the manner md appearance of 
fracture,  although the reduction in  l i re  caused by the  vibratory load 
makes it clear that fatigue must be a factor i n  causfng failure. Also, 
there may be thermally induced stresses in the blades that may affect 
the  fa i lure  mechanism.  Such stresses might resul t  fram temperature dif- 
f erences f rcgn the leading edge t o  the midchord of blades {ref. 8) . 

4. Damage: Blades w2th nicks or dents in the a i r f o i l  that would 
initiate failure were  removed from the test and l i s t e d  as damage failures. 
These failures do not  indicate the properties pf the alloy and are  not 
included In the  evaluation of the tes t   resu l t s ,  although they are re- 
corded and plotted. 

Metallographic  Studies of B l a d e s  

Microstructural studies were made of specimens cut frm blade a*- 
f o i l s  of each alloy in the as-received  condition. Specimens from blades 

I of each group with the shortest and the longest  the-to-failure h en- 
gine  operation w e r e  also studied. The latter specimens exaanined were 
taken from the area of the fractured edge where failure originated. 
Photomicro@TEtphs were also taken of the surfaces of blades i n  the as- 
received md  electropolished  condition. 
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Grain Size and Hardness Measurements of &des 

Grain s i z e  and hardness measurements  were obtained from specimens 
of "received and first and last failures of each blade gro-q. The 
specimens were taken from the zone just  below the fracture edge of the 
fai led blades and frm the midportion of as-received  blades. Hardness 
readings were taken  over the  entire  cross  section. The ssecimens Were 
then  polished for grain size  determinatione of the  smallest, largest 
and most prevalent -ins. An A . S  .T.M. grain size measuring eyepiece 
was used. 

Stress-Rupture  Tests 

The stress-mp"e  properties of each alloy at various stress levels 
and 15W0 F were determined from specimens cut frm bar stock and from 
blade a i r fo i l s .  The specimen cut fram blade airfoils and the zone fram 
which it was machined are shown i n  figure 4.  The etress-rupture results 
were obtained t o  correlate  the engine performance of blades with bar 
stock and blade a3rf o i l  specimen properties. 

. .   . .  

* 
- 

RESULTS 
f 

Ehglne Operating Results and Blade Performacnce 

Engine results.  - The time, mechanism, and location of  blade fail- 
ures in the  enghe test are shown i n  table 11 and figure 5. The results 
show that the nonelectropolished  blades of each alloy ran about as well 
as the electmpolished blades. 

The range of blade failure t-s and man l i f e  of the  three alloys 
and S-816 (combining electropoliahed and nonelectropolished bkde  fail- 
ures and d a t i n g  -damage failures) were a8 follows: 

U O Y  Mean l i f e ,  Failure time 
range, hr hr 

Refractaloy 26 45 26 t o  68 

"252 122 89 t o  177 

Waspaloy 226 137 t o  325 

S - 816 229 106 to 261 
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The Waspaloy blades had a mean o p e r a t a  l i f e  and m r i a b i l f t y  urnparable 

band was narrow, with a first fa i lure  time only 17 hours below t h e   f i r s t  
fa i lure  of S-816. Refractaloy 26 had a mch shorter blade l i fe  than 
S-616. The lower stress (fig. 1) in the Waspaloy blades was part- 
responsible f o r  its good blade l ife.  

c with S-816. While "252 had a scmewht lower man life, the scat ter  

Elongation of blades  during  engine  aperat  ion. - The results of 
e lone t ion  msasurernents from scribed blades are shown in figure 6. The 
sca t te r  of data on measuring elongation of Refractaloy 26 and Waspaloy 
prevented a determination of the elongation f o r  the individual  sections 
of the blade. The lzlaxirrmm elongation of the blades was determined and 

and Waspaloy less than 0.5 percent. 'phe data permitted a determiaation 
of the  elongation of the individual  sections of the scribed blades of 
"252 and 5-816. The maximum elo-tion of "252 was 1.3 percent, w h i l e  
S-816 had a maximum of 8.7 percent. The maximum elongation  occurred just 
above the center of the "252 blades, d i l e  the 8-816 blades elongated 
most Just below the center of the blade. 

,E 
UJ found t o  be small, with  Refmctaloy 26 elongating less than 0.2 percent 

- &croexamFaa;tion of failed blades. - The distance of the failure 
above the base of the blade for   the tbree alloys is shown in table II: 
a d  figure 7, Fn which the damage fai lures  are omitted. Seventy-f ive 
percent of a l l  blade failures occurred in the zone from 2 t o  is inches 
above the base, which is about the zone  of minimum stress-mpbure l i f e  
of the blades. The failures above and below this grazp were divided, 
w i t h  15 percent o c c u r r h g  from 3 t o  23g inches above the base and 10 1 7 

percent from 1- t o  2 inches above the base. The failure mechanisms,  ex- 
cluding  failure by damage, were as follows: Stress rupture, 38 percent; 
stress rupture plus fatigue, 53 percent; and fatigue, 9 percent. 

- 1 
2 

5 
8 

Metallurgical Studies of B l a d e s  

Microstructure. - The microstructures of as-received and fa i led  
blades of each alloy are shown in figure 8. 'phe general  niicrostructure 
of the  alloys was changed somewbat by engine operation. There was, in 
the failed  Refractaloy 26 blades, sone evidence of additional fine, 
evenly  dispersed  precipitation in the matrix and same additional  spheroid- 
ization of the grain boundaries. Also, a depletion zone  develo-ped around 
some grain boundaries. Normal aging such as this  is expected in engine 
operation of a precipitation-hardened al loy.  In the "252 blades, the 
large  residual  precipitates were unchanged by engiae  operation,  but  there 
was sane additional precipitation in Widmansthtten form. There was, as 
would be expected, no dffference in  the microstructure of electropolished 
and mnelectropolished blades of this or  the other  alloys. The Waspaloy 
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failed  blades showed"az"-lncrease in the amount of fine,  evenly distri- 
buted  precipitates Fn the matrix. An oxide lay-er and depletion zone 
develaped on the  outside  surface-and  fracture edge of sane fa i led blades 
as a resul t  of engine operation. 

Surfaces. - Photomicrographs of typical  8s-received  surfaces are 
shown in figure 9. Photomicrographs of &z1 extreme case of oxide pene- 
tratim and roughness of Waspaloy and a typical electropolished  swface 
are also shown in figure 9. The surfaces of  most as-received blades have 
very little oxide penetration and roughness. The oxide penetrations and 
roughness are of the order of 0.0004 inch. .. 

a 
Hardness  and grain size. - The hardness and grain size  of as-recelved f 

and failed  blades 0;f each a l loy  are shown Fn table 111. No correlations rr, 
between blade l i f e  and hardness or grain size  are  evident. 

Stress-rupture  results. - The stress-rupture W e  at 1500° F of spe- 
cimens cut from bar  stock and from blade a W o f l s ,  and the time t o  fail- 
ure of blades at the  stress  level corresponding to   the zone where most 
failures occurred are shown in figure 10. The Waspaloy and "252 bar 
stock  stress-rupture  life .is -eater than the l i f e  of specimens cut f r m  
blade airfoils,  indicating a loss i n  properties in forging. Refractaloy 
26 blade-alrfoXL-6jZE3men stresGEfj€%re- l i fe  was about equal t o  bar I 

stock  l i fe .  Thus, properties of Refractaloy 26 were retained in forging, 
at least in the mid ortion of the blade from which the  stress-rupture 
specimens  were cut $see f ig  . 4) . For all three alloys, blade  failurea 
occurred in shorter times in engine operation than in stress-rupture 

- 

The results of the determjnation of the zone of minimum stress- 
Yupture l i fe  by the nethod greviously &scribed are shown in f igwe 2. 
The minimum of each curve represents the expected l i f e  and location of 
blade failure, if the failures were a result  of the centrifugal st ress  
and the temperature. The location and time t o  failure would be as 
f o l l ous  : 

U O Y  Time, Dietebnce 
above base, hr 

in. 
I 

R e f r a c k J o y  26 140 2 

"252 230 4 
WaspaJ-oy 285 4 



Seventy-five  percent of the fai lures  occurred  about the zone  of minimum 
stress-rupture  l ire,  as was previously  noted. .. 

If stress rupture were the predominant fa i lure  mechanism, the  loca- 
t ion of failure w o u l d  a l so  be expected t o  occur in the zone  of maxirmlm 
elongation. The greatest  elongation  for "252, the one a l loy   for  which 
the elongation of Fndividual sections was obk;lned, occurred in section 
4, or from 1~ t o  3 inches above the base. This is also the range of 
the zone of minimum stress-rupture l i f e  and the zone w h e r e  most failures 
occurred. The location of failure and the Location of maximum elongation 
in the zone  of minimum stress-rupture l i f e  indicates that stress rupture 
should be the predominant failure mechanism. Eowever, blade l i f e  was 
appreciably below that expected from stress-rupture results of blade air- 
foil specimens (fig . 10) . This  would indicate that ei ther   the specimens 
taken from the  center of the blade  airfoils were not indicative of the 
properties of the blades, or  that sane mechanism other  than  stress- 
rupture acted to reduce blade l ife.  

3 1 

The possibil i ty that Refractsloy 26 blade l i f e  was affected adver- 
sely by the forging  practice does exist and is subsequently  discussed, 
but  neither the description of the fabrication of "252 or Waspaloy nor 
the microstructural, hazbess, and eln size studies of all three &uoys 
suggest that the properties  should varg fram edge to  center.  The reduc- 
t ion in life w,y have been caused by the vibratory and/or thermally In- 
duced stresses that are present in the blade du rhg  engine operation. 
These stresses m y  shorten  the l i fe  of the blade w h i l e  retaining  the 
appearance and location of a s t ress -Wture  failure as described  pre- 
viously and In reference 7. There is sane support for this hypothesis, 
for   there  was at least sane indicatian of fatigue in 61percent of the 
failures.  

Blade Performaace of Electrapolished against Nanelectropolished Groups 

The simLlar performace of electrapolished and none1ecf;ropoBhed 
blades of each alloy indicates that l i t t le  advastage is galned by m v -  
ing the surface  layer. The blades used Fn this Fnvestigation were forged 
by two c m c i a l  forge shops, md the surface defects  obtained were  of 
the order of 0 . m .  Fnch in depth. The defects  reported t o  be damaging 
were about 0.003 inch i n  depth (refs.  1 and 2). Thus, the surface  defects 
and cold work, which are thought t o  reduce blade performance, were so 
slight in the blades used in th is   hves t iga t ion  that no irqrovement in 
performance was gained by removing them by electrcrpolishing . 

? 
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Blade Performance of Different Alloys 

NACA RM E54L29a 

The blade  perf ormmce  of  Waspaloy and X-252 (table 11 and f i g  . 5) 
suggests that these  alloys msy be satisfactory as possible replacements 
for  more strategic  alloys. B l a d e  performances of Waspaloy and stmda,rd 
S-816, which had mean lives of 226 and 229 hours, respectively, were 
about equal. While the mean l i fe  of 122 hours obtabed  for "252 was 
less  than that for  5-816, the alloy m y  be  considered satisfactory for 
engine operation,  since  the man l i f e  w&s over 100 hours  and the stra- 
tegic element content is low. Moreover, the properties of both "252 
and Waspaloy have been improved  by changes"Tzi coqjosition and fabrica- 
t ion  s ince  the  mter ia l   for  this bvestigation was obtained.  Refractaloy 
26 blade performance with a mean l i fe  of 4 4  hours was poor ccmpred Kfth 
S-816. However, the stress-rupture l i fe  of specimens cut from the center 
of the Refractaloy 26 blade &foils was about  equal t o  the bar stock 
specimen l i fe  of 165 hours. The optimum forging  techniques and tempera- 
tures have not been .determined fo r  blade airfoils of Refractaloy 26; dif -  
ferent forging conditions migbk result in higher blade l ives.  The varia- 
t ion  of thickness fn 8 turbine  blade  airfoil may have caused tenperature 
gradients in forging that imparted satisfactory  properties  to  the  thick 
central  portion of the   a i r fo i l  f r c a n  which stress-rupture speclmens were 
cut and poorer  properties a t  the thin lead- and t r a i l i ng  edges where 
most blade failures begin. The variation i n  properties frm edge t o  
center may have been exaggerated by a too l o w  forging  tenperatwe and 
could perhaps explain the poor performance of the blades. The vibratory 
and thermally induced stresses mentioned previously could also have been 
responsible  for the l o w  LWe of these blades. 

Elongation or creep of Refmctaloy 26, "252, and  Waspaloy, as with 
most nickel-base a l l o y s ,  was small ccanpared with S-816. Maxfrmun alonga- 
tiom were 0.2 percent f o r  Refractaloy 26, 0.5 percent  for Waspalay,  and 
1.3 percent  for M-252, while S-816 elongated 8.7 percent  (see  fig. 6).  
The lack of duct i l i ty  usually associated with Low creep rates did not 
preclude gcmd blade performance, fo r  the blades were able t o  withstand 
the impact of fragments of failed blades as well as 6-816 in this 
investigation. 

The purpose of this investigation was t o  determine if blade perform- 
ance of a l l o y s  Refractaloy 26, M-252, and Wsspealg~ is irQroved by removal 
of the  surface by electropolishing, and, in addition, t o  caqpare the per- 
of the a l loys  with S-816.  BLades of Refractaloy 26, "252, ant3 Waspalay c 
in the  electropolished and nonelectropolished  condition were run i n  a 
533-9 turboJet engine fo r  cycles of 15 minutes at rated speed and 5 min- 
utes at idle speed. "he results obtained are as follows: - 
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1. The S- performance of electropolished and nonelectropolished 
L blades of each a l l o y  indicates that l i t t l e  advantage m s  gained by re- 

moving the  slight  surface  defects of the blades used in t h i s  
investigation. 

2. The performance of  Waspaloy blades m s  about equal to S-816 
blades, with mean l ives  of 226 and 229 hours, respectively, whereas the 
mean l i f e  of "252 was 122 hours.  Refractday 26 blade performance was 
poor with a man 1-e of 44 hours. However, there is a possibil i ty that 
the forging practice  affected  the latter material adversely. 

3. Elongation of the three aJloys, 88 w i t h  most nickel-base alloys, 
was low compared with S-816, bu t  the very low duct i l i ty  nickel-base 
alloy blades were able to withstand the impact of fragments of fa i led 
blade6 i n  these tes t s .  

4. The location of 75 percent of the blade failures Fn the  zone of 
minirmnn stress-rrrpture l i f e  and the zone of maximum elongation indicated 

ever, the time t o  failure was below that of stress-rupture  failure, and 

indicates that some factor  other than centrifugal stress contributed t o  

gested  as  possible  cmtrXbuting factors. 

M that stress rupture shovld be the predcdnant  failure mechanism. How- 

N some evidence of fatigue was found in 61percent of the failures; this 
3 -  
3 the failure mechanism. Vibratory aad thermal stresses have been sug- 
I 
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Figure 1. - Blsde stress and temperature distributions. 
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Figure 2. - Stress-rupture  life of alloys corresponding to 
conditions of centrifugal stress and temperature of blades. 
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Figure 4. - Blade  stress-rupture  specimen  and zone from which 
it w a s  machined. 
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Figure 6. - Elongation of scribed blades in engine test. 
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0 stress-rupture 
Q Stress-rupture 

plus fatigue 
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Figure 7. - Mstance of failure above base f o r  alloys Refractaloy 
26, "252, m d  Waspaloy. 
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As-received 
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Lightly  electropolFshed by vendor, f i r s t  failure  (stress-rupture plus fatigue)  after 88 hr 

Lightly  electropolishea by vendor, last  failure  (stress-riipture  plus fatigue) after 171 br 

Electropolished, first failure (stress-nrpture plus fatigue)  after 91 hr 

C-3'7319 

Electropoliphed, &st faflure (stress-rupture) dter 147 hr 
(a) hG252. 

Figure 8. - Microstructures of as-received  and  failed bledes. _._ A 
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l M l X  750x 

.I . As-received 

None.lectmpolished, first failure (s t reserupture)  .after 228 hr 

Electropolished, last  failii% (stress-kipture) after 324 hr 

(b) Waspaloy. 

Figure 8. - Cofitinued. Microstnxtures of as-received and failed bhdes.  



As-received 

Nonelectropolished,  first failure (stress-rupture)  after 38 hr 

(stress-rupture) after Q' hr 

Electropolished, first failure ( f a t ime)  after 44 hr 

Electropolished, last failure (stress-mpture) a f t e r  67 br 
(c)  Refractaby 26. 

Figure 8. - Concluded. Microstructures of as-received and fai led blades. 
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Waspaloy, as-received, unusuaUy rough area, 
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Figure 9. - Surface of as-received and electrppolfshed blades. 
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